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PREFACE

These investigations were carried out under the authority

contained in Contract No. DA-44-009 ENG 4420, "Analytical Aerial

Triangulation Error Analysis and Application of Compensating

Equations to the General Block Triangulation Adjustment Program."

The investigation was conducted under the direction of

Professor Charles L. Miller and Mr. E. Phillip Gladding, Instructor,

Department of Civil Engineering. The investigation was conducted,

,. ~f rom =March 10, 1960 to March 10, 1962, by Messrs.,,:Luis Andrew R.,
Ziad M. Elias, and Frank S. GreatorexResearch Assistants in

the Department of Civil Engineering. Also contributing to the

investigation were Messrs. Daniel R. Schurz, Instructor, Armen

Gabrielian, Student Assistant, and Lawrence Kalman, Student

Assistant.
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ABSTRACT

Thle ci 'e 0f -hm p roved

accuracy in the supplied General Block Triangulation digital computer
5J"

program~through incorpora1i in the program means of error adjustment

(t the nature of random and systematic errors and the basic

techniques for treating their effects as applicable to the analytical

photogrammetric problem;

(2) the basic least squares method and its incorporation in the

computer program;

(3) complete mathematical description of the program;

(4) studies of the nature and effects of the important error

sources: lens and camera errors, atmospheric refraction, film distortion;

(5) the study of various techniques for the solution of simultaneous

equations;

6) operating instructions;iv

(7) the results, conclusions, and resulting recommendations of test

runs of the final computer program.

The second volume contains t ppendices which consist of the

complete flow charts representinghe original and final programs.
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FLOW CHART OUTLINE

Original IBM 704 Computer Program - Flow Chart

Segment I - Chain I

START - Initializations Al

Read Control cards: J,P AI-A2

FILE - !Input card read routine A3

ECARD - Preliminary processing and storing of A4-A9

E-card data

GCARD - Preliminary processing and storing of AIO-AI8

G-card data

DEXFR - Normal Matrix Bookkeeping A19

DEXPR - Termination of Segment I - tape writing A20

for Segment II and print outs.

Segment II - Chain 2

CEQBE - Preliminary initializations A22

CEQES - General exposure station equation A22
forming routine

ESTYT - Test for type of exposure station and A23

transfer to corresponding equation forming

routine

ESTYA, ESTYB, ESTYC, ESTYD, ESTYE, ESTYF, ESTYG, and

ESTYH - control for forming of equations by exposure A24-A29

station type

CEQST - Scaling and printing of condition equations A26-A27

MATFR - Form normal equations A27

EQll, EQl2, EQl2A, and EQ13 - Conditional equation A30-A34

forming routine

PHXYZ - Exposure station data processing A35

CEQFA - General ground point data bookkeeping for A36-A43

equation forming
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GPTYB, GPTYC, GPTYD, GPTYE, GPTYF, GPTYG, GPTYH, CEQFJ A44-A4'

- control for forming of equations by ground

point type

SUBI, SUB2, XYZRA - subroutines for computing A49-A59

quantities used in equation forming

TEFCL - Process type A ground point A59-A61

SUEFX - Process type C ground point A62

EQ56 - Equation former for ground point equation 56 A62-A65

EQI - Equation former for ground point equation I A66-A69

EQ2 - Equation former for ground point equation 2 A69-A76

EQ34.- Equation former for ground points equation: A77-A80

34:

EQ5'- Equation former for ground point equation 5 A80-A8)

EQ6 - Equation former for ground point equation'6 A82-A83

EQ6A - Equation former for ground point equation 6A A83-A85

EQ7 - Equation former for ground point equation 7 A85-A87

EQ70 - Equation former for ground point equation 70 A87-A91

EQ 101, 102A - Equation former for ground point A92-A97

equations 101, 102, 103

FCVSQ - Compute sum of squares of right hand sides of A98

the normal equations and print normal matrix

and constant vector and transfer to Segment III

Segment III - Chain 3

RESEG3 - Initialize for Chebyshev routine A99-AI02

CEBYA, CEBYB, CEBYC, CEBYD, CEBYE, CEBYF, CF5YG - AI03-AI04

Chebyshev routine for generating initial

values for the Steifel iteration method

STEFB, STEFC, STEFD - Steifel solution initial- AI04-A105

izations for execution of Steifel iteration
cycle STEFL

STEFE, STEFF, STEFG, STEFM, SSDMT, SSDMD, SSDMP - A105-A107

Post Steifelcycle control routines

vi



STEFZ - Non-convergence print out and control A107

routine

SSVAL - Error print out routine A107

SSEND - Cycle solution print out routine A108

CHEBY - Routine used in CEBYF A109-Al1O

MXV - Routine used In CEBYB AII0-AI12

STEFL - Steifel iteration routine used in STEFD A113-A117

DPMXV - Routine used in STEFL Al18-AI20

SEG3B - Initializations for segment 3B A121

CMRBE - Testing for sufficient convergences of A121

exposure station position vector

CORMR, CORREC, CMPUTE, AYEBEE, BEET, BB, DD, FF - A121-A125

Routines using Stelfel solution to correct

position vectors and orientation matrices

of exposure stations

CMTSX+3, ITERC, SEGTX - Print out and store on magnetic A125-AI27

tape corrected position vectors and orient-

ation matrices of every exposure station, and

test for transfer to resection computation or

to segment 2.

RESBE - Initializations for resection routine A127

RESTR, LFXYZ, FXMAT, ... , FULLC, PRANG, PREST - A127-A134

Computation, storing, and printing out of

exposure station position and orientation

parameters

GPRES, GPANL, GPCAL, GBCCB - Print out the given ground A134-AI39

point coordinates corresponding to different

pairs of photographs. Rewind magnetic tape, halt,

and transfer to start a new segment 3 iteration

if desired..
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Additions and Modifications to Original Program - Flow Chart

Segment 2 - Chain 2

TMX - Formation of T matrix associated with each BI-B3

Image point

FRBWN - Write on magnetic tape condition equation B3-B5
and control data

CEQST - Print out coefficients of unknowns as in B5-B8

original program. Compute control words

defining equation type

MFALP - Equation 70 tape writing routine B8-B9

SUBI - Modified to include computations introduced 89-BIO

by changes in conditional equations

EQI - Additions to original EQI B1l-B12

EQ2 - Additions to original EQ2 B13-B17

EQ34 - Additions to original EQ34 B18-B20

EQ5 - Additions to original EQ5 B21-B22

EQ6 - Additions to original EQ6 B23-B25

EQ6A - Additions to original EQ6A B26-B28

EQ7 - Additions to original EQ7 B29-B30

ESTYA - Additions to original ESTYA B30-B32

EQli - Additions to original EQlI B32

EQI2 - Additions to original EQ12 B32-B33

EQ12A - Additions to original EQI2A B33-B34

EQI3 - Additions to original EQ13 B34

EQ56 - Additions to original EQ56 B35-B38

EQlO1 - Additions to original EQlOl B39-B40

Segment 23 - Chain 23

ECHO - Red conditional equations from tape B41-B43

FRBWN - Weight matrix and normal equation forming and B44-B50

storing routine

Additions

viii
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APPENDIX A

ORIGINAL IBM 704 COMPUTER PROGRAM - FLOW CHART



STAR

REWIND i, 7

"ll 
4D 

i"7

OFF

0 ON REWIND 132
N 

M-iATA ZOA

EsTART +3)- [32--( TX425)

XR4-DELAYj IRZE 0 ;UU F F E R , % -f,

CSHPl
wt swi ELECTCARD R AD

00

B rl,_,RTX

UFFER- (RTX 15)4 A013CD

-CCSHP.3)-XR4
-1 .(RTX.16).

a, -Tx I READ.YCARDS

(KrX. -7), JHALF ROWS

TXH RTX+ 17

STM 
IN

SUFFE,

AC-RTX,23

EOF EOR

COPY AND ADD (BUFFER XR2) O-XRZ O-AC 1-35
I SHZ 5 CSHat6

END OF END OF
XR NA F)

2- 1 -XR2 RECORD

REDUNDA ON I FAILURE

IGHTr 2 FAILURES

X +I-XRJe OFF 8ArK SPACE 132

XR?-(RTX+19) LECT13Z

-TXH M+l
1CRTZ+ 2771).-YR?

I?-XR4.

TIME DELAY

"J' CARD
O-(r-JATDEX.2 41)TAKE5 THE WD IMAGE TALR+1 YES TO ATM 1)IN BUFFER (0,42-.)

R T T ON TR AND ARRANGES AS., (W.STALR-+I)
JOB CARD

CLJ.-CLMI SCO) 0 (ESDATA-2000)

ca-e+l CL.2-13 -TITLri(- I BCD) K lN'AP4 E (V) ICH." RESICRE PAPER(DELAY),- START+4 HIS p CL.29-35--GRPON NTI CARD ?, iS " CARt SELEX-A -T ON LINE TO TOP or
NTTI SL PRINTER

A"" L) p
fSTART+ 0-M+ F ILl- - -- E -- F I L l w TRANSFER.FILE I q0iig START LLI:Cl .ER+4XR4 Al



A

PI4EOITANALYTIC AEROTRiANGU.KATION, JOB

PRINT ON LINE
OR TAPE

-W TAPE
1- 014 LINE

AV IK) DATUj

DATUM PACKED INTO
I W.ORD (FIXIED)

IS~~ INARY ftNT BET4EIN IFERO TLR

6:I75 25 k2.6. PACE Al
AC--GID (JDA7UMIN GEOID)-

AC +RAW 3 - A (2, 1NPLITwORDS FOR FCAL)

A,C -- FOCAL (FOCAL- LENGTH AS I FLOATI NG PT NUM I N FOCAL) (15 NEGATI'4E. t-)

PROM GN. I N ACA

AC - C.TERA (STERAA = GN)~~

IICE3--~R FLOAT - FOT - RO FrED -,RGUMENT IN AC
(ELR -- F.TERN \FLOATING RESUL-T TLIArEO

RETU N I NTO AC:

PRST LR (CHARCTERISTIC

PACE Al
AC- FXTN Ii I E(4ST + I .6)L

FROM 2ON IN AC,

AC - EICTD (EI(STD,= 201,1""'
I ~RE.AD CARE) OR TAPE

-(ECER5-I~R C~-I~IMAGE IN BUFFER

-1 ECLERA 34 1-(R4 E.CLER*534 ELR

P4 FILIEF. E

"P' CARD

IMAGES IN BUFFER 0,...1
ARRANGED AC

CL. I - CLM I (BCD)

CL. p3 ----- AW, lINT)

CL. i3-PAWA (INTI

CL. 3,-----AA44 3 INT) PADt -- PCARDtI

CL. 41 -4 5- RAW 4..E 1(INTl
CL. 45 -55-RAW + r (FL.)
CL. 57-(Z--RAW + T (FL) CHECK TOINSURE
CIL. 64- 69- -- RAWS + PL aAR UST READRT
CL. 7I1-7Z-- RANJ +9 11INT)WAA R

AZ.



ZPCARAA Yp(.-

RAW -PER
(IF NOT ZERO)

I N EACH CASE, I F I N90T
RAWI -PHIR, 1 0 FOR. THAT WORD HOT 0CRN
(FN1 EO). STORE

RAW t2-CONTRX (cN)AA)
RA -PHR,9,AWA-NR-ti (TIME.L.) CRIETR

(IF HOT 7ERO) RAW 5---oCNTRY. *2- (Srt-RA)

PRAWU6-CNTRX+ 3 (FA\C.rA

9,AJ7---CNTQE 4 )VSCAL) (R- CRETC,

RAW 8-C-TR * (CHERA)
RAW .9 -§C?,TR% 6 (CTERA) CET 1

READ CARD OR
TAPE AND FORM
BCD IMAGE IN----'0(2
SUFFER (I,.

CREFTN-t a 'IMAGES IN BUFFER (0,1,2....)

ARANE AS

CRETN a IF AN

CL. I(- LI (eco) ERROR

-(R *2-(+CL. 2-5---- RR (INT'
-)CET*2---X4 L. 6- TYPE (SoD))

^,L. 7-1 3--AW (INT) AL
FILE L. )f- 17-IURAW ((NT)

CL. 18-a4---RAW+2a ((NT)
CL. 2.6-28----RAW+ 3 ( INT) .CA

CL. --35--RAV. 4 (iNT)
CL. 37T- RAWIU ((NT)
CL. 40-4G--RAWJ.A t((NT) PR I NT"ALARMi

CL. 48 -50---RA4' 7 ((NT) W8ECIIEN c-

CL. 60-62---AW,9 (INT)

CL. 63-6 8- RAW+ 10 ((NT) [7ALT t: TRANSFER

CU.. TO -Ta?--.RAlt+I I ((NT) TO (CRUTN t )

5AME PAGE.

CRETC, - Rl 
O CAP .L

CORPE AO NO CAL\ CA

CL I-ACE)sTC-ERSlTt---AC (rx5Tc sTPRT HALT : -TRANSFe

NsSC0RD)TO------.RR4

AC~~~~PC -A- A RPTANFR

F AA4



EOARD 2. d Ti ME AND 71HEREF

'TRANSFER TO
IrTINE ONS.

AC + TYE UFFY I NR IN I3UFFrY,, TYPE I N BUFFY )

RAWJ (G. 8, 9, 10, 110 TO TRUE O,~

XR - - OPE

)R4-REGC, DUHMY FOR 'E M~EIG11TS

ESA~EI ~ - --- EME4 4 pEOQ-- XR4

-SAVE* 4)- RD---XR CRETN RT

SAMIE ROUTINE AS

13EFORE EACEPT NOWI
TI-I SECOND CARD OF

ESA'q5 5 4THE I1- S)(POSUR.
(E lSTATION IS READ -

EfA'VF 5DOES NOT CHECK< FOR AN
EKSCARD AT TRIS TIME!

P-ILE OON\IERTS PRI NT ALARM H-ALT 4TRANSFqR

E5TIMATEo 'ALUS IS (-0) MINUS ZERO I EUNET LRT
IF SO- US THE RUE.PAGE A-6

- 7-- PRINST ALARM

(EC&Z +13 1 XR4SEQUENCE

HALT 4. TRARSFER

A-1



N t eU r f I+ I N R I m A D I A N S\, IN r6 U F F' -t Z al3

ARGUMIENT IN A( H ~Q
RA' W4 I - ' 2 M O I EPRE S UNT ING I F =E KOL(

LA4C I I. E. I OTRNSF~fL TO II-R4)*~ AC -. INTO I WORDl IN rSADIANS
+ -RESULT IN AC BB (lFI'EDI

NO (mSTi I., WIOWD FOR (-0)

i-1Q AC

Es

NoQ AC-5 INMMON O

P'HCOYE? ANIEb CS5 IN C RGCsXN

IN ~ ~ ~ I rN ~ODFX
AC-EBFFY4CDAL



H I N R IAN.5 63 N BUFF~ 3~
x'~ I N ! JADIANS51 .3 INF51 IXED

'fi- IN (tADIANS f53 IN E5IFE' 2)

CS H- (3O IN BUF' " 4S05N H 

0 i DFYLRIt 6-im ~ -A Cos )k' 13 IN SlirFN 2 A d

51IN '/T t30 I N IUFFY + 2.B

C0s If,- IS IN SLIFFY .. Z

Z) ( CN 5 -. F 4 SNS A 51.100

I NTO ONEO\\

ECIN' + 4

(UT SIN CosF
I N "'cF' So Ii-D

CosQIN IQ 801SII -X4 T A SINRL * T IlISIFF '2
A-~UFY*4-Cos. 005 SUppy ,-SI

SIN N 5FFY i-2

FE= ;:8U005 30IFF -A23 25FF -t8 jLK_]

YOSI IUFFY *25

-F +~4R _1_-_____ SIN 4 i(,- BUFFY -2

AC- 0 BU~t 4 X23 Cos5 'Ai GUFF Y tZ .7 0

I OSIN YT SIIF'f asZ

ES zI COS~i BUFF 9 +2 -

NO RZ -- 2 XR2Y SN- SPFl 4

XRZ toOL2 NOTS O
S~IIN T EUFi +2

AC.IIJFY5S-X Su =[UF 0PLRI,3IN TEA

-SIN ~ ~ ~ ~ ~ ~ ~ ~ ~~~1, INI TEMPEM4- SIN I0 j-E?~ (F.T~9---F E A
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,41ZU - TEM 10IMJ IN DEP*1

WIN TEMI 10-5 TEJ11

41 R TE4, s9 ? VT OM 114 TEMP? +I9

ALLIEMPOA I4 Wj,, IN TEMP t2 I ioAZN

'Ji, T IMP 13 .FLOAT ING
14 30FF N T ?- t 14

14UE4 18-W 2TC--- * L *

MU T LIES ? (3FF 3- -M ' I

/NEM t SIN TR1AND PROTOTM
TM (9-1)I O MI. -I

F"lm T-m ie .( IA, Ros , TEMP. 2-

M, IN TEMP Za

M,, TRASF E ToE ToFF +M 8

-IREsECII--r FIryti Lf~A
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I~ ~ ~ ' ( 11 0NT,-O IjE

CCO5~CA II OR 8 -1i*( 2

t~ ~ ~ ~ I ,l' 2 0

A, ETEMP t 8 ODL

~~5PAC &3P

SP* E 2O~R)- AC A(SE~---R E6C5)

AC rAC D TEa - MqAC]

A:,AC. COMO A

[A. - COMMO I I t-B



GEA =__ 2,0( NoR- ENULL 11I

GUFFI~c NR IN (ESDATK.- ESD,), (INT)

TTWE (IFSDATA - E50A), (U7-0)

jv, STC + % -F Y STC III I- 6SDhTA - (I.C.vA - 11(AIC SFXE,3
21ESPAkTA~ - ESDA -1 ?I I AODI A KFDE,8 3)

ESD-.t ' SI'ErAA - (ESD -:3) (FIXED , ?)
WuLL MQ O IA 0 14 Pi'u ESDATA - (FSDA- 41 )kLD to~B)

S8rJl14AC 6 5I4,7' LSP&AA- (ESDA-GI IFIY.EO (301

w7 Cor-. N FDArA - (E.SDA- 7) (CTIED, 60)

-M 5 M, E 5DAIT - (F00,- 81 (rLOATIN&G~
9N llC ES .WTA - (ESoA - q) LFLOAT I MG)

le M SDATA - t ESDP - 10)1 FVLOATI MG I

11 Mt, ESOPrA - US~DA- I1) (FLOMI G)

Ca N-i LSON'Th - ESDA- 'Z) i FLOATI t4C
3 Mt tSDNh (.SD A- 131 (FLO AT I 1G

C1~-'EMP-d IT4?E IN 14 N1, tINOATA -SO31) - 14-) (FLOAT I H .)
TEMP +I) is C4u SEDATPA- LESDA - 15) (FLOAT ING I

Co M33  EZDAlA - (GSDX - IGoC (FLONTINlG)

IT' X( ES DATA - 10.511 - I T) CFIl'0.C, Z2.9)

114 yC ESDATP\- (ESOA - 1C (r[Y.Stl, SZ5I

AC--ANF LNO IN I E ESDATA, - (6SOA - 19) (Fl 3(ED, BZ5C

-(ESCNT
1 

td)---P 
1 4  

A'KMtT IIF1

r Pl,,NT o

K MI. N It NB- I

> NO
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SFE PAGES AP-43

FRMS-1 MACE

CL.I - LI B~CD I
CL. 2 - 7----.NP, lINT)
CL (o lP B~CD)

CL, I - 13-.-.A4 I KIT)

CL, I9- 1--MRO1+ I kI M)
C L. IFs- Z4.- PA.4~ + I NTm-
CL. Z6 - P- -W I+3 T)
C L. Z9- -S- RAW 7 + I NT)
CL. 37 - 3--P-RAI'iJ 5 INT)
C L. 4o -42.-RAW. f INT)
CL. 436 - -PAI IC 7 1N )
CL. 70I -5S--RAW4 II8 11N71

C , .4CA\4 -- (I

Cull - AC (TEST FOP.~ CAVD)

t40 QCALR

TAG 

A3

PIIE E--.- c.L
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GWAIS
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ES, TR'ISYfE 0.1 BIVy '14) CT lia + O 4 &A

I N. N~ II * UF~IN T VK I aGe - I I

I I j15
M* 3'F~ W ~ oaol -

I ~iizj - BUfF TE1 N AC all*

I ~ ------.-~12 IC 12 4~ UF902] lli OF I.,.0

QWF IS



Nk--Ar

Kz I__YES_______

I (3U FF1 . 12:), NO. OF IHOTO- EKV..'4~ - 1 TII '! rII

LBUFFV +t IZ)Ip Ha. Of FIR-ST VIAOTO OF T I'S SET,

I -(QAR2A--------oR4 CETH k IF Tl PE. W~A '

EP~b51. ILLU T 1, E( R.Ab EIT14ERI

e A. z - Ttpf 2 OF. N4eXT SCT)

CL. ILI c BCO

ICL. 2-- HMR (I MT
ICL. 6 T-YPE I8col
I CL7-15 RAW (~T

Ct.iS-UTI RAW) lIXT)

CL. 18-24 RAW 1-2 t INt)f

ICL. 2r. - RAW.S (Il
*C. L.2.-9 - R AW 4 L tNT)

ICL. 40 16S AW & (I NT)
C CL.4a-53 RAW I.J.lIT

I C~a- fkAW7 %IT) GCAR-* I

C t-58 MAW8 111

CL GO-(.? RA',J-9 LINT)

I CL G-(.8 RAW-1IO ATI CF.,

15).FF = 3) NO. OF PKOEToS
AE -27At 7 GPI'OLV4FD IVATI SET AC-0BJ~ ~I
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